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Abstract
Small satellites missions are becoming increasingly complex and are requiring more power. These demands lead to
temperature fluctuations on the satellite due to spacecraft layout, sunlight and shadow in orbit, and high-powered
instrumentation. Products which provide necessary thermal stability for components on the satellite are desirable to
small satellite manufacturers.
In September of 2015, Dr. Allison Evans of the NASA Goddard Space Flight Center filed a patent for an innovative
louver system configured for small satellite applications. The design was sized for satellites with a 1U form factor
and utilized bimetallic springs to lift the louver flaps. The design was licensed by Thermal Management
Technologies, a company based in Logan, UT. While the louver system was intended for use in small satellites, a
market in which TMT is an innovator, the design could not be integrated into the existing line of TMT products.
The purpose of this project was to produce a passive thermal control system based on the licensed design that
interfaces with existing TMT products. The system provides thermal stability without increasing power consumption
through utilizing bimetallic springs to operate a louver system. The springs were calibrated to actuate between
temperatures of -20˚C and +30˚C.
The USU Thermal Louver Capstone Design Team created a modified design with a unified, iterable frame that
aligns with the hole pattern of TMT’s existing radiator grid. The team conducted mechanical and thermal analysis
on the design to determine that the device could perform within threshold values. The team fabricated a prototype of
the unified design and conducted a series of tests to verify the analysis.
The design proposed by the team is a more simple and robust design than the original version and can be mounted to
TMT’s existing satellite radiator products. The prototype performed as expected and validated the team’s models.
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Problem Definition

Small satellites missions are becoming increasingly complex and their missions are requiring more power. These
demands lead to temperature fluctuations on the satellite due to spacecraft layout, sunlight and shadow in orbit, and
usage of high-powered instrumentation.
In September of 2015, Dr. Allison Evans of the NASA Goddard Space Flight Center filed a patent for an innovative
louver system configured for small satellite applications. The design was licensed by Thermal Management
Technologies, a company based in Logan, UT. While the louver system was intended for use in small satellites, a
market in which TMT is an innovator, the design could not be integrated into the existing line of TMT products.
Several aspects of the NASA design prevented integration [1]:
1.
2.

3.

4.
5.

In the original design, the springs were recessed into cavities in the back plate. TMT wanted to mount the
assembly onto a flat radiator surface and could not create cavities for the springs.
The original form factor fit onto the end of a 1U satellite, but TMT often produces satellites closer to ESPA
class size. The team was asked to design the louvers so they could be scaled up to 25x larger than the
original design without disproportionately adding mass.
Different customers configure their spacecraft to operate within different temperature ranges. TMT wanted
to be able to control the temperatures where the flaps opened and closed to manage the satellite
temperature.
TMT requested that the assembly process be streamlined for easy, repeatable manufacture.
Ideally, the units could be mass-produced at low expense, making the louvers an attractive upgrade to
TMT’s standard small satellite products.

These problems motivated TMT to identify the following Functional Requirements to guide the project. The louver
system must:
•
•
•
•
•
•
•
•
•

Be able to vary heat rejection from radiator surface
Be fully closed at T< 20°C and fully open at T>30°C
Interface to a radiator on a standard 5 cm X 5 cm fastener grid
Be scalable to different sized radiators
Use basic technology approach provided by licensed NASA technology
Survive environment of space and space launch
Not have single point failures
Meet NASA low outgassing standards
Be buildable in a repeatable fashion

The customer’s performance requirements are as follows:
•
•
•
•

The louver should reduce heat rejection from radiator surface by 20x from open to closed
The louver system should be scalable from 10 cm X 10 cm to 0.5 m X 0.5 m
The product should be visually pleasing and simple
The product should be cost-effective to manufacture

The customer’s excitement functional requirements are as follows:
•

Adjust the range of temperature for which spring is open and closed
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Upon completion of this project, the customer receives:
•
•
•
•
•
•

Detailed requirements
Design review package
Analysis reports (structure, thermal, failure modes)
Drawing package and BOM with projected costs
Prototype/test results for thermal testing
Assembly procedure write-up

See Appendix N for the Quality Functional Deployment (QFD) for the project.

III.

System Overview

NASA Patented Design
TMT licensed a NASA-patented design for a louver system, U.S. Patent No. 9,862,507, an iterable system that could
be mounted to small spacecraft. The patent claims can be found in their entirety in Appendix L.
The customer requested that a number of the elements claimed in this patent be included in the team’s final design.
Specifically, the final design should be modular, comprise of a plurality of front panels, and be driven by springs
secured with epoxy. The customer’s existing radiator design would take the place of the “back panel” referenced in
the design, the middle panel(s) should include a middle channel to protect the spring, and the panels should be made
of aluminum or titanium.
With the above restrictions considered, the team designed and proposed the following assembly to TMT.

Team Design
The assembly created by the team is lighter, more robust, and much easier to assemble than the original patented
design. It is composed of two major subsystems, the Flap/Rod/Shaft subassembly and the Frame subassembly.
Figure 1 shows a rendering of the model with the two respective subsystems labeled.
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Figure 1. Rendering of Louver Design
The group used a radiator for a 12U spacecraft (20 cm x 20 cm) for their testing, however, the iterable frame can be
extended to fit larger form factors.
The Frame Assembly is composed of a single unified frame (which takes the place of the separate middle sections of
the patented design) and three covers. The Flap/Rod/Spring Assembly is mechanically contained inside the Frame
assembly by the three covers. The whole assembly is bolted to the TMT radiator surface with size 4-40 high-tensile
stainless-steel fasteners. The springs are secured to the radiator with a highly-conductive, low outgassing epoxy.

IV.

Subsystem Review

Flap/Rod/Shaft Subassembly
The Flap/Rod/Shaft Subassembly has three components. An 8.0” rod cut from 1/16” stock has a 0.20x0.006” slot cut
lengthwise centered in the middle of the rod. In the slot, tabs of a spiral-wound bimetallic spring are installed with
an epoxy. An aluminum flap is bonded onto the rod, placed on either side of the metallic springs. Figure 2 depicts
the Flap/Rod/Shaft Subassembly.
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Figure 2. Flap/Rod/Shaft Subassembly

Bimetallic Spring
The customer specifications detailed that the louver flaps should be closed for temperatures less than -20˚C and
should be fully open for temperatures over 30˚C. Furthermore, the louvers were to be driven by a bimetallic spring,
which does not require external power to operate.
Bimetallic springs are formed by joining two metals with dissimilar coefficients of thermal expansion. When the
spring is heated, the metal with a larger coefficient expands more than the other, causing the joined strip to curve. In
order to fully open the louver flaps, the spring needed to experience a deflection angle of 90˚ during the change in
temperature specified by the customer.
The team used the Thermostatic Bimetal Designer’s Guide published by the Wickeder Group [1] to select a spring
that was active enough to achieve the necessary deflection while also producing enough torque to move the flaps
during testing in an environment with gravity.
One metal combination clearly exhibited the desired characteristics; P675R is the most active commonly available
bimetal. It is the union of a high-expansion alloy composed primarily of manganese and a low-expansion alloy
composed of nickel and iron. The spring is not suitable for many applications in atmosphere due to its sensitivity to
humidity and salinity, however, these limitations are not a concern for small-sat applications.
The team concluded that the optimal louver design utilized a spiral coil, which minimized the area of the radiator
occupied by the spring assembly. The Wickeder Group publication provided the following equation for the thermal
deflection (A) of the spring (Eq. 1):
𝐴=

67𝐹(𝑇2 − 𝑇1 )𝐿
(1)
𝑡

Crest Manufacturing, the contractor identified as the best potential manufacturer for the springs, had an abundance
of 0.004” P675R material in stock. With the thickness (t), temperature change ( 𝑇2 − 𝑇1 = 50°C), and spring
flexivity (F = 216e-7 in./in./˚F) established, the required length (L) of spring required was determined to be 4.00”
long. The manufacturer agreed to produce a helical spring with the minimum coil diameter, which they determined
to be 0.325”. Figure 3 shows the helical spring requisition from Crest Manufacturing.
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Figure 3. Bimetallic Spring
This outer diameter became the driving design factor for much of the assembly, as the louver frame had to be tall
enough to house the vertical spring. To reduce the risk of mechanical stress damage to the spring from constrained
enclosure in the frame, the team determined that the spring coil should tighten as the radiator surface warmed. This
was accomplished by wrapping the spring such that the high expansion side of the bimetal was on the outside of the
coil. As the radiator warms, this high expansion side expands relative to the low expansion side, causing the coil to
tighten, which rotates the rod with the louver flaps.
Unfortunately, the manufacturer was not able to install the inner tab (shown in Figure 3 at the top of the inner coil
of the spring). The team bent the inner end of the spring into a tab using tools already owned by TMT. The team
recommends creating a custom tool for this purpose with excess rod from the rod manufacturing process.
Rod
The spring manufacturer was able to hold a diameter of 0.06” for the inner coil. This drove the decision to
manufacture the rods from 1/16” stock. The team decided to use a 304 easily-machinable rod, which was sufficiently
strong as per rod requirements.
The team cut the rods with a bit of excess length. They used an 0.006” slitting saw and a custom jig to cut a
lengthwise slot near the middle of the rods. Figure 4 shows a rod with a magnified view of the slot.

Figure 4. Slotted Rod
The inner tab of the helical spring fits inside and is bonded into the slot using epoxy. The rod diameter is just larger
than the diameter of the inner spring coil.
Flaps
The flap length was driven by two factors. First, the client wanted the louvers to operate in gravity as a proof of
concept. Second, the springs have to be placed such that they avoid interfering with the TMT radiator 5 cm bolt
pattern. These restrictions limited the length of the flaps to that of the final design (see Appendix B).
The original NASA flaps were made from shim stock aluminum and rolled around the rods. The team decided to
modify this approach to reduce the material used and the thickness around the rod.
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The team purchased 0.008” thick aluminum sheet shim stock from a commonly used online material distributor. The
team used a water jet to cut out the flap profile and a custom jig to form a curve down the width of end of the flap.
The curved end could then be partially bonded around the rod with the epoxy, creating a robust joint. Figure 5
displays a formed flap with a side profile view.

Figure 5. Formed flap isometric and profile view
See Appendix F for a discussion of the surface coatings applied to this part.
Assembly procedure
After each component was prepared as explained above, the team assembled the Flap/Rod/Shaft Subassembly using
the following steps:

. See
Appendix D for a more detailed assembly procedure.

Frame Subassembly
The Frame Subassembly has two types of components. The unified frame is the base of the louver design and
supports the Flap/Rod/Shaft Subassemblies. The covers (middle and edge) contain the Flap/Rod/Shaft
Subassemblies. The parts are held together with fasteners that interface with the TMT radiator bold pattern. Figure 6
shows a graphical representation of the Frame Subassembly.
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Figure 6. Frame subassembly exploded view
Unified Frame
The unified frame is the largest innovation of the team’s design. The pattern of the frame is iterable, satisfying the
customer’s design requirements, but the unification of the panels has many advantages over NASA’s patented
design. The frame is lighter (fewer fasteners, material cutouts, less supporting material), has a smaller footprint
(improving radiator function), and mechanically stronger (due to fewer joints). Figure 7 displays a top view of the
unified frame.

Figure 7. Unified Frame Design
Several features of this design are necessary to support the Flap/Rod/Spring Subassembly. The circular holes on
each side and in the middle of the frame line up with the TMT 5 cm bolt pattern, allowing the frame to be mounted
to any of the customer’s structures. The middle cavities running down the length of the unified frame house the
bimetal springs. They cavities protect and insulate the springs.
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In the original NASA design, the radiator itself had cavities cut into it for mounting the springs. This design allowed
the rod to rest on the surface of the radiator itself. As TMT intended to mount the louvers to a flat radiator, the team
designed a saddle system to support and suspend the rod above the radiator surface. The saddles are square cutouts
from the frame which support the rod in three directions. Figure 8 shows the frame with the middle cavities and
saddle notches magnified to show greater detail.

Figure 8. Frame With Emphasis on Saddle Notches and Cavities
See Appendix F for a discussion of the surface coatings applied to this part.
Covers
The design requires two types of covers. The middle cover is attached over the cavities in the middle that contain the
springs. This cover protects and insulates the springs, and only has three bolts to accommodate the placement of the
last Flap/Rod/Shaft Subassembly.
The subassembly requires two side covers. The side cover was designed with off-center bolt holes to assist in
accurate placement, such that the holes are near the inside edge of the cover. The side covers complete the fourth
side of the saddle cutout of the frame, encapsulating the end of the rod, which prevents the spring from deforming
from overstrain.
The hole patterns of both covers match the TMT radiator bolt pattern, so fasteners can be placed to hold the covers
to the frame and secure the frame to the radiator. Figure 9 shows the two types of covers used in the subassembly.

Figure 9. Frame Covers For the Sides and Middle
See Appendix F for a discussion of the surface coatings applied to this part.
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Assembly Procedure
The team assembled the Frame subassembly as follows:

See Appendix D for a more detailed
assembly procedure.

V.

Performance Review

Table 1 outlines the engineering requirements with the target and threshold values and the actual performance of the
design when available.
Table 1. Engineering requirements target values and the actual performance.
Requirement

Threshold
Value
70

Actual Performance

Angle of spring rotation within temperature range (degrees)

Target
Value
90

Emissivity of fins coating
Emissivity of internal structure
Difficulty of assembly (N assembly processes)
Tolerance without allowing for interference (in.)
Variance in fabricated parts (in.)
Cycles passed until failure (N cycles)
Number of single-point failure modes
NASA outgassing measurement (Torr*L/cm^2*s)
Ratio of failing to successful louvers in a batch (%)
Force structure can resist during analysis (Gs)
Mass of each component (kg)
Dropoff of spring performance over long-term (%)
Interference of unit with radiator in dry fit (N points)

0.1
0.01
6
0.01
0.01
230,000
0
0.1
5
50
0.055
5
0

0.5
0.04
10
0.002
0.02
200,000
2
1Torr
15
40
0.75
15
4

0.04
0.04
6
0.005
0.005
Not available
0
0.91
20
50
0.185
Not available
0

90

Angle of Rotations of Springs within Temperature Range
The team tested the angle of rotation of the springs by running the louver assembly through chilling and heating
cycles. The team installed the louvers on one side of a radiator plate and a heater on the other side. The team then
chilled the radiator to as close to 0°C as possible using a freezer and chiller then used the heater to heat the plate to
at least 50°C. The louvers were completely closed at 0°C and completely open before the radiator reached 50°C. A
comprehensive description of the tests and results are found in Appendix K.
Emissivity of Fins Coating and Backplate
The team performed a thermal analysis of the model using Thermal Desktop. An in-depth description of this
analysis is provided in Appendix F. The analysis found that a fin coating of aluminum Kapton tape and an internal
structure coating of aluminum iridite, each with an emissivity of 0.04, provide the desired 20x heat reduction. The
team selected target values that should provide a 20x heat rejection, which the final design does as verified by the
thermal analysis in Appendix F.
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Difficulty of Assembly
The final design requires six assembly processes to complete, which is the target value. The complete assembly
procedure document is found in Appendix D.
Tolerance without Allowing for Interference
The final design has a tolerance of 0.005 in. This is within the range of the target value and threshold value. The
pieces fit together well and do not have interference issues beyond those addressed in Appendix K.
Variance in Fabricated Parts
The variance in fabricated parts is lower than the target value. The manufacturer specified a variance of 0.005 in. for
the parts. For this requirement, lower is better, so this is a good thing. The team has received the parts for two
assemblies and has not had any issues with hardware compliances.
Cycles Passed until Failure
The team has 18 heating and chilling cycles on the second prototype. One cycle is defined as either heating the
assembly to ≥50°C from ≤5°C, or chilling from ≥50°C to ≤5°C. The team has not observed any loss in functionality
from these tests. A more comprehensive description of the testing procedures and the results obtained are available
in Appendix K. It is unreasonable to attempt to run the springs through 230,000 cycles, however, the team believes
that the component most likely to fail at a high number of cycles is the bimetallic spring. Unfortunately, the
manufacturer was unable to supply data on this subject. It is known that the springs lose performance due to
corrosion from humidity, but that is of little concern in orbit. Perhaps the best proof of long-term performance will
be the continual operation of the spring aboard the Delingr CubeSat [1], which is the same material as the springs
used in this system.
Number of Single-Point Failure Modes
Due to the spring manufacturer’s long lead time, the current assembly has only one spring per rod. Future models
will have two springs on each rod, eliminating the only observed single-point failure mode.
NASA Outgassing Measurement
All the materials in the design are space rated. The material with the highest outgassing measurement is the epoxy
used for bonding the springs and rods. It has an outgassing measurement of 0.91 Torr*L/cm^2*s. This is somewhat
close to the threshold value, but within an acceptable range.
Ratio of Failing to Successful Louvers in a Batch
Unfortunately, the ratio of failing louvers is above the threshold value for this assembly. The high failure rate is due
to a combination of damaged springs and imperfect bonding methods. However, from the lessons learned
assembling this model, the team will adjust the assembly procedures. The team estimates that with updated assembly
procedures (see Appendix D), the failure ratio can be reduced to at least 10%, which falls below the threshold value.
See Appendix K for a discussion of the steps taken to improve the performance of the prototype to a failure ratio of
10%.
Force Structure can Resist During Analysis
The team completed a structural analysis on the louver assembly using SolidWorks simulation tools. An in-depth
description of this analysis is found in Appendix G. The analysis confirmed that the structure can withstand a force
of 50 G on each axis without failure. The analysis revealed that the factor of safety at 50G is 1.3, which is sufficient
for this design. Physical structural testing was not possible in the time constraints but will be completed by the
customer at a later date.
Mass of Each Component
The team determined the total mass of the assembly through the SolidWorks mass evaluation tool. The mass of the
entire base size assembly is estimated at 0.185 kg, which is well below the threshold mass value. Even if the actual
model is slightly heavier due to excess use of epoxy and the additional spring, there is no risk of crossing the
threshold value.
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Drop-off of Spring Performance over Long-Term Testing
No drop-off of spring performance was observed in the 18 cycles completed during the testing period of the project
(see Appendix K). Further testing will need to be completed by the customer to determine the actual long-term
performance of the springs.
Interference of Unit with Radiator in Dry Fit
The team has not observed any interference points when assembling the model that were not resolved and addressed
in the updated assembly procedure. All frame pieces fit together and the assembly mated to the radiator. With no
interference points, the team reached the target value for this requirement.
Performance of Parts
The client requested that the team test the springs past the 50°C temperature range to see if there were any negative
effects. The team has repeatedly tested the springs over ranges of approximately 0°C to 65°C with no noticeable
adverse effects. The team tested all the parts to verify that there were not any unidentified issues. The biggest
concerns from the additional testing were the size of the washers and rods. See Appendix K for more information on
the assembly tests and results.

VI.

Budget

Compared to the estimates developed at the beginning of the project, the USU Louver Design Team drastically
saved on costs for the benefit of TMT, USU, and future louver projects. This cost reduction provides TMT with a
more attractive product to customers; cost-efficient methods of passive thermal management solutions will increase
sales and allow for future improvements to the design. These savings were a result of several factors:
•

•

•

The initial budget was set assuming a linear scaling in spring price, however the largest expense of the
spring order is the lot charge. Because the cost of the springs was drastically lower than anticipated, large
quantities could be purchased at a relatively low cost per unit. The team was able to acquire a small
quantity of sample springs for the purposes of this project but buying in bulk will translate to huge savings
for future development by TMT.
The preliminary budget for this project included funds for additional testing. Some of those tests will be
delayed to a later date and another will be performed in conjunction with an external project at TMT,
saving the team from dedicating project funds for these tests.
Several fixtures used during assembly were produced using team members’ 3D printers or were machined
by a team member using drop-off material. The team did not need to outsource manufacture of these
fixtures, further reducing expenditures.

Production costs will be balanced in future development as more materials are ordered, better methods of assembly
are developed, and third-party testing is performed in conjunction with other TMT products. See Table 2 and Table
3 for cost estimates and actual expenditures.
Table 2. Initial cost estimates
Category
Development Hardware
Prototypes
Product Testing
Total

Budget
3,000.00
10,000.00
5,000.00
18,000.00
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Table 3. Actual cost values
Category
Development Hardware
Prototype
Prototype
Prototype
Prototype
Prototype
Product Testing
Product Testing

Item
Misc.
Bimetal Spring Samples
SS Rod, Slitting Saws
Aluminum Shim (flaps)
CNC Frame Pieces
Conversion Coating
Helical Inserts
Heater
Total

Cost
200.00
1,184.97
165.96
75.42
2827.98
85.00
50.87
99.51
4,639.76

Compared with initial cost estimates, the TMT Louver Design Team was able to complete the given tasks while
utilizing only 25% of the budget.

VII.

Timeline

Figure 10. Planned vs Actual Timeline
Figure 10 gives a simplified comparison between the planned and actual schedule. The team’s main issue with
maintain the planned timeline was underestimation about material acquisition timelines. For example, the bimetal
springs (which were a crucial component of this design) were not ordered until the team had done enough analysis
on all components to begin ordering parts. The supplier for the springs is often backlogged with customer orders,
resulting in larger lead times than expected for these parts ordering springs. The team faced delays while waiting for
these parts to arrive while few action items remained for them to complete.
Another major delay occurred around the middle of the project timeline because of a miscommunication with the
client. The team was preparing for approval for the first prototype of the product, have completed all the necessary
analysis. Just before winter break, the client expressed a desire to investigate a simpler, unified model. The team
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failed to understand that the client was requesting for analysis to be performed on this unified model for comparison.
This miscommunication was not identified until after the winter break and the team had to quickly design a new
model and perform all the necessary analysis to begin fabrication. This primarily delayed construction of the first
prototype by several weeks.
Other discrepancies in the schedule arose from certain components of the design process taking longer than
expected, which held back the whole project. This could have been accounted for when tasks were assigned and the
workload was distributed. Certain team members became overwhelmed with tasks while others were working ahead.
Once again, communication breakdowns sometimes prevented the team from redistributing the workload so that all
team members were actively contributing to the most pressing tasks.

VIII.

Public Health, Safety, and Welfare Design Considerations

There are two principal safety concerns with this design, and both can be mitigated through design and proper
implementation of safety measures.
First, several parts in the louver assembly have sharp edges. The customer was particularly concerned about the
edges on the flaps, which are thin enough to present a potential cutting hazard to TMT employees. The team
modified the design for the flaps to include rounded corners, which are verified during the deburr stage of
manufacture. Other sharp edges, like the corners of the unified frame, could be modified with a similar radius if they
are also determined to be dangerous.
Second, the frame pieces receive a yellow iridate chemical conversion coating. The coating has a chromate base, a
compound recognized as a carcinogen which can also irritate sensitive tissues [3]. The health risks of the compounds
are well understood [4] and the United States Safety and Health Administration has provided clear guidelines
regulating the usage of chromate-based compounds [5]. Because TMT generally outsources conversion coating
application to US based companies, it is reasonable to assume that risks associated with toxic exposure to the
coatings have been controlled at the manufacturer level.

IX.

Global Cultural, Social, Environmental, and Economic Considerations

There are potential environmental impacts to be considered with this product. Production of the assembly consumes
nonrenewable resources, requires toxic substances, and contributes to the carbon footprint and orbit pollution of
space development.
The parts in the louver assembly are made of various metals, including aluminum, manganese, and iron. These
metals are nonrenewable, and because the louvers are mounted to a satellite, there is no possibility to recycle or
reuse the parts.
TMT is a small-volume company and does not anticipate large-scale production of the louver assembly. The
materials used in the assembly are common enough that the waste associated with the louver design is not
significant, which is a major consideration for the ever-growing problem with space debris.
As discussed in Section XII, the chemical conversion coating used on the frame pieces has toxic environmental
effects if not disposed of properly. However, because the companies applying the coatings are based in the US, TMT
can assume that the suppliers follow government regulations for proper waste disposal.
Like any product designed for use in space, a large amount of fossil fuels will be consumed before the louvers begin
to operate. This consumption is increased by the inclusion of the louvers, which will likely result in a larger radiator,
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necessitating additional rocket propellant to attain the desired orbit. However, the total carbon impact of all space
development is dwarfed by other sources of carbon [6], and the slight increase from the louvers is not significant in a
global context.
Furthermore, TMT intends to manufacture louvers as an add-on product for radiators and small satellite projects that
will already be produced. It is unlikely that the existence of this louver system catalyzes the development of
additional satellite projects, therefore, the project does not create a significant additional cost to the global
environment. Similarly, it is not expected that this project will contribute to the pollution of orbits with additional
space debris.
The components chosen for the assembly were in part selected for their low cost and ease of use. The springs are
relatively inexpensive when bought in bulk, the rod and shim stock is inexpensive and sold be a variety of
manufacturers. The frame pieces need to be produced out of a common aluminum alloy. And the epoxy selected is
one that TMT already utilizes for other applications. All these factors keep the overall assembly cost low, as
described in Section X. of this report.
There are no other global impacts to consider for this product.

X.

Lessons Learned

The team learned many things during the design process that can benefit future projects.
Scheduling
There were some issues with scheduling as discussed in the Timeline section. The largest issue came during product
acquisition time. Some of the parts had much longer lead times than anticipated, which delayed the prototyping and
testing portions of the project. Also, by the time the team ordered parts, most of the other tasks had already been
completed, leaving little to do until the parts arrived. With more foresight, the team could have ordered the parts
earlier and completed documentation/analysis work while waiting for the parts to arrive.
Communication
As mentioned in the Timeline section, there was a miscommunication on the team’s part with the client that led to
significant delay in the construction of the first prototype. The team failed to fulfill the clients request to investigate
a redesign option that led to a significantly better product. Due to this miscommunication, the team lost valuable
time that could have been spent later on testing at the end of the timeline. This emphasized the value of
communication with the client.
Part of the delay resulted from the winter break, during which team members did not work on the project in
accordance with the capstone schedule. Leading up to the break, the team was not holding regular meetings with the
client, instead focusing on the course milestones. This resulted in a misunderstanding that work was being
performed during the break and a misconception that analysis was completed before the start of classes in January.
Fortunately, team members were able to make sacrifices and complete all the required analysis within the first few
weeks of the semester. The incident underscored the importance of clearly articulated expectations and active
communication with the client. During the second semester of the project, the team held more frequent meetings
with the client to improve transparency.
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Planning
When the prototype components were fully received by the team, there were delays as unforeseen issues
complicated the assembly process. Designing an assembly or manufacturing process is often as intense as the design
of the product itself. Even when the team had a consistent assembly process, it still led to some flaws in the
prototype. In the assembly for the flaps, for example, it was difficult to control the thickness of the epoxy. This may
have led to some imperfect fits with the flaps. Similarly, the spring alignment relative to the rod could have been
improved.
Some of these potential issues could have been identified and addressed before the parts even arrived at the lab. The
team believed that their assembly procedure would work, but hadn’t tried to test any portion of it before all the parts
had arrived. This experience showed that more planning and small-scale testing could have saved a lot of work and
pain before the full assembly, when time was tight. Overall, a more consistent assembly process with more precise
quality control should be implemented in the future.
Understanding the Manufacturing Process
All team members developed a better understanding of the manufacturing process. Team members worked with
different manufacturers and suppliers and learned to build relationships with them. The team members researched
and discussed the advantages and disadvantages of different materials and manufacturing processes like laser
sintering, CNC machining, water jetting, laser cutting, and hand-forming.

XI.

Recommended Future Work

Due to timeline issues, the team was not able to perform some of the desired tests on the prototype. It is
recommended that the client proceeds with the testing schedule. Specifically, TMT could:
•
•
•

Continue to run atmospheric tests to verify that no decrease of spring performance is noted
Complete thorough thermal testing will certainly be needed within the vacuum chamber to more accurately
simulate the space environment and validate the heat rejection model
Run a vibration test will as originally planned to verify the model robustness is launch conditions

The team has no major suggestions for future modifications of the design. However, the design called for two
springs on each rod, though the prototype only utilized one on each rod due to the long lead times. A new prototype
should be constructed using two springs and the same tests should be performed. The current one-spring model does
not fully simulate the final product dynamics.
There must be more consistency in the assembly process so that no flaps interfere with the frame and get stuck.
Furthermore, the springs should also be better aligned. The team has presented several modified assembly fixtures
that would mitigate these issues to TMT and recommends using them for future prototyping.
As mentioned previously, the spring vendor was a major source of delay in the project. Furthermore, the spring
vendor is unable to form the inner tab of the springs, which were installed post-purchase by the team members.
Alternative vendors should be identified. The team was unable to locate another US-based company capable of
making such a small bimetallic spring; perhaps TMT should investigate foreign manufacturers to identify a
secondary supplier.
Once the product is more thoroughly proven, some modifications may be incorporated to go beyond the original
requirements. The team’s goal was to create a modular system. This design was selected so that it could be scaled,
but only one system size was tested. At least one other frame should be manufactured to verify that the scaling
functions as expected.
Also, the client originally wanted to allow variability in the temperature range of the springs. It may be possible to
make different versions of the design with relatively sized springs to cover alternative ranges of temperatures. It
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might also be possible to modify the springs so they actuate over different temperatures. Further testing and analysis
is needed to determine how best to control the actuation characteristics.
The implementation of these ideas will increase product success, and therefore these and additional optimizations
should be considered for future development.
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XII.

Appendices

The following pages contain various appendices produced to expound upon the conclusions listed in the above
portion of the Final Design Report.

Mullen, 18/85

Appendix A: Bill of Materials (BOM)
The following tables contain the Bill of Materials for the Spring/Rod/Flap subassembly (Table 4), the system
assembly (Table 5), and the prototype produced by the team for testing (Table 6). The tables also include projected
prices for future prototypes and development.
Table 4. TMT034-005 Subsystem Assembly BOM

Table 5. TMT034-001 System Assembly BOM

Table 6. Prototype BOM
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Appendix B: Drawing Package
The following pages contain the drawing package that was prepared for and delivered to TMT. The drawings are a
complete depiction of each part and subassembly produced for the Thermal Louver System.
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Appendix C: Fixtures Developed for Assembly
The following pages contain drawings of the custom fittings developed by the team to assemble the Thermal Louver
System. The team manufactured most of these assemblies using 3D printed filament, but recommends using
aluminum for large-scale louver production.
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Appendix D: Assembly Procedure
The following pages contain a procedure developed by the team for assembling the Thermal Louver System. The
procedure reflects the lessons learned and from the various prototypes developed by the team throughout the project.
[Note: This section has been redacted per request by TMT]
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James Mullen
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April 30, 2022
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A. Procedure Objectives
Objective of this procedure is to provide a generic repetitive set of steps assemble thermal
louver system

B.

Special Tools, Equipment and Materials
Note: All of the equipment, tools, and expendables listed in this section must be
on hand at the start of the assembly sequence.
B.1

EQUIPMENT
Description

1.1.2

No. Req'd

Expendables
Description

Quantity

Mfr./Part No.
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C. Special Instructions

C.1

SPECIAL SAFETY REQUIREMENTS
1. Flammable substances may be used in this process. Care shall be taken to avoid
spark sources. Prior to starting, check applicable Material Safety Data Sheets
(MSDS) for other precautions.

2. Personnel shall review the MSDS for all chemicals being used before performing
the procedure.
3. Personnel handling chemicals will wear nitrile gloves during chemical handling. If
contact with chemicals occurs, consult the applicable MSDS for appropriate
actions.
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***NOTE: REVIEW THE ENTIRE PROCEDURE AND ASSEMBLY
DRAWING BEFORE STARTING***
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Figure 2 Flap Alignment Fixture
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Appendix E: Analytic Thermal Design Verification
Design Requirement
The system must be able to provide 20x heat rejection from the radiator surface from open to closed.
Purpose
This report will overview a rudimentary thermal analysis performed on the design. This analysis demonstrates the
required thermal properties of certain components, as well as how the design can meet the 20x heat rejection
requirement. The results show how much heat is rejected from the radiator when the louvers are fully open vs fully
closed.
Method
The design team approximated the louver operation into two cases: a case of fully open fins and a case of fully
closed fins. In both cases, the team analyzed the view factors of the flaps to the radiator surface while ignoring the
energy radiated to the surrounding frame. See Figure 11 for an image of the surfaces analyzed for this report. The
teams used an online reference to calculate the view factors [7].

Figure 11. Diagram of Louver System and Radiator Surface
For the first case, the radiator radiates to two flaps of equal area at 90° to the radiator surface. The design group
noted that the radiator surface would have the same view factor to the underside of the flap that covers it as to the
top surface of the flap that covers the next section of radiator. See Table 7 for the equations used to calculate this
view factor.
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Table 7. Calculation of View Factor

Case 1 also radiates to space out the top of the elevated flaps. The design group approximated this configuration as
radiation between two parallel plates separated by a distance H. This distance H is the sum of the frame height
(ignored) and the flap length (accounted for in the previous view factor calculation). See Table 8 for a diagram and
the equations used to calculate the view factor for this configuration.
Table 8. Diagram of Equations to Calculate View Factor for Parallel Configuration

For Case 2, the design group approximated the assembly as the flap back radiating energy into space. In actuality,
the system is much more complex. Energy is emitted by the radiator towards the inside of the flap. Some of that
energy is absorbed and the rest is reflected to the radiator. Of the energy that is absorbed, some is emitted into space,
and some is emitted back towards the radiator.
While the sections of exposed radiator were analyzed as finite lengths, the design group ignored energy radiated off
the sides (in the ±y direction of Table 7).
After determining the relevant view factors, the design group selected sample emissivities and reflectivities to assign
to the various surfaces involved. The group used a highly emissive paint for the radiator surface [7] and polished
aluminum for the flap tops and bottoms [8]. A more thorough analysis will be required to estimate the true
performance of the assembly, but these numbers and estimations give a useful approximation to justify the current
design.
With the view factors and emissivities established, the numbers could be used to calculate radiative power (𝑄̇ )
according to Equation (1), the Stefan-Boltzmann law.
𝑄̇𝑒𝑚𝑖𝑡 = 𝐹𝐴𝜀𝜎(𝑇 4 − 𝑇𝑠 4 )

(1)
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Where F is the view factor, A is the radiating area, 𝜀 is the emissivity of the radiating surface, 𝜎 is the StefanBoltzmann constant, T is the temperature of the radiating surface, and 𝑇𝑠 is the temperature of the surface that is
receiving the radiating energy.
Because no thermal energy is transmitted through an opaque medium, the absorptivities 𝛼 were estimated by
subtracting the reflectivities from 1. The group assumed that the reflected portion of the incident radiative power
leaves the system, and the absorbed portion only raises the temperature of the flaps. The flaps would re-emit this
energy through radiation, but this portion of heat transfer was ignored for this analysis. Therefore, the energy
absorbed according to Equation (2).
𝑄̇𝑎𝑏𝑠 = 𝑄̇𝑒𝑚𝑖𝑡 𝐹𝛼

(2)

The total energy dumped by the radiator is therefore approximately the difference between the emitted energy and
absorbed energy, according to Equation (3).
𝑄̇𝑡𝑜𝑡 = 𝑄̇𝑒𝑚𝑖𝑡 − 𝑄̇𝑎𝑏𝑠

(3)

Results
Table 9 displays the calculated view factors for case 1 and the material emissivities and absorptivities used in the
calculation.
Table 9. Results for Calculated View Factors
Geometry
90° Rectangle
(Flap Front)
90° Rectangle
(Flap Back)
Parallel Plate
(Space)
Radiator
Surface

View Factor
0.2064

Emissivity
0.1

Absorptivity
0.1

0.2064

0.1

0.1

0.3073

N/A

1.0

N/A

0.92

N/A

At the maximum operating condition, the radiator surface is 30° C. The design group calculated the total emitted
power for both cases for the flaps at a percent temperature of the radiator, ranging from 10-100%. The two emitted
powers were compared until the group identified cases where a 20x difference was emitted with the flaps open,
fulfilling the customer’s requirements.
Using a 𝑇𝑠 of 3K and a surface temperature of 303K, the group found that the assembly radiates >20x more energy if
the flaps are kept below 69% of the radiator temperature, which is below 209K.
Conclusion
The group concluded that the current design allows for the emittance of 20x more energy if the flaps can be
thermally isolated from the radiator surface. The group will investigate bonding epoxies that limit thermal coupling
to isolate the flaps. The group will also select coatings for the flaps and the radiator with similar properties as those
used in this analysis.
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Appendix F: Finite Element Thermal Design Verification
Design Requirement
The system shall provide 20x heat rejection from the radiator surface from open to closed.
Purpose
This analysis will use Thermal Desktop to demonstrate the design’s ability to provide 20x heat rejection from open
to closed, including which surface coating should be used based on the results.
Methods
The NASA patented Louver design relies on bi-metal springs reacting to changes in temperature of the radiator to
operate. The pivoting flaps of the louver system allows for the satellite to maintain a steady-state temperature over a
given temperature range. To calibrate the system for this temperature range, a thermal model is required to analyze
the heat flow from the radiator to space, to model ideal thermal isolation locations, and to verify that the chosen
surface coatings allow the system to meet customer requirements for heat rejection. The Louver design team was
commissioned to determine proper thermal isolation, epoxy properties, and coating properties to meet a 20 times
heat rejection from a -20°C to 30°C temperature range.
The thermal analysis tool used for simulation and testing of the louver design is the Thermal Desktop application
through AutoCad. Thermal Desktop (TD) provides a high-fidelity model via finite difference and finite element
objects in a CAD environment. Using the SINDA/FLUINT Optimization and Reliability features, robust simulations
are accurate and helpful in determining project success. For the purposes of this model, RadCAD provides most of
the information regarding heat transfer processes, which is a TD application that calculates radiation heat transfer
between components, and eventually to space.
Results
The below figures were generated by the analysis (Figures 12, 13, 14)

Figure 12. Full Louver System (Fixed-Radiator Temperature, OPEN) in TD
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Figure 13. Conductor Locations Visualized

Figure 14. Conductance Nodes Between Submodels Visualized (Fins Suppressed)
For the AutoCAD model, simplification of the mesh model was adequate for determining the heat flow of the
model; for the end pieces, full 3-dimensional brick objects were used to include face-conductance values between
the radiator and the bottom of the structure. For the outside walls, the CAD model includes material cutout to reduce
weight. This was modeled as 2-dimensional surfaces orthogonal to the radiator surface. The thermal model did not
include the spring and rod for several reasons: first, including spring geometry dramatically increases the complexity
of the model, and second, an ideal model would not have any heat transfer from the spring to the rod. All material
types were modeled as described in the structural analysis. Monte-Carlo simulations were run via Case Sets, and per
customer requirements, two case sets are measured. Case Set 1 set the flap angles to closed and the radiator to
-20°C. Case Set 2 set the flap angle to 90° fully open and the radiator to 30°C. Total heat rejection is then compared
between all sub models.
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Figure 15. Transient Solution of the Fins Submodel Temperature
Edge and face contactors between the structure and radiator surface were modeled as an ideal thermal isolation by
use of a Kapton coating. The radiator surface is covered with a White highly emissive coating (a/e = .222), the
outside of the structure will be coated with Silver Teflon (a/3 = .099) to maximize emissivity, and the inside of the
structure will be coated with aluminum iridite (a/e = 6.00). Both sides of the fins will be coated with an aluminum
Kapton tape VDA (a/e = 3.50, e =0.04) for maximum emissivity to either reflect radiation from the sun or to
maintain steady-state temperature in the pockets inside the louver system. The case set results are shown in Table 10
and Table 11.
Table 10. Radiative Heat Rejection for Open Louver System
Radiator --> GLOBAL (Fixed Temp OPEN)
Submodel

Total Sum/Count (W)
0.6915

Radiative/Count (W)
0.6915

0

0

26.1228

26.1228

STRUCTURE

7.7959

0.0553

STRUCTURE_SPRG_CVR

0.0502

0.0496

34.6604

26.9192

FINS
RADIATOR
SPACE

Table 11. Radiative Heat Rejection for Closed Louver System
Radiator --> GLOBAL (Fixed Temp CLOSED)
Submodel
Total Sum/Count (W) Radiative/Count (W)
0.2874
0.2874
FINS
0
0
RADIATOR
1.0293
1.0293
SPACE
3.8197
0.0185
STRUCTURE
0.007074
0.0069
STRUCTURE_SPRG_CVR
5.143474
1.3421
Conclusion
Based on this thermal analysis, this pair of coatings and epoxies acting as thermal conductors will result in 20 times
heat rejection in radiative heat rejection from -20°C to 30°C.
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Appendix G: Mechanical Design Verification
Design Requirement
The system must be robust, survive conditions of launch, and withstand 50 Gs acceleration on all axes.
Purpose
This report will review the structural analysis done on the louver system. A SolidWorks simulation was performed
on the model with all components assembled. Three simulations were run, each testing a 50 G force on a unique
axis. The simulation results revealed the areas of the model that undergo the greatest stress concentrations and
reports the current factor of safety in the design.
Method
The SolidWorks model of the louver system was run through static simulations to test whether it could withstand 50
Gs on each axis. For each simulation run, the model was secured by foundation bolts in each fastener location. A
mesh was created, and the simulation run. The model was re-meshed and run again multiple times, each time
refining the mesh, until the results converged between simulations. The Von Mises stress, the strain, and the
displacement were checked for each axis.
Results
Previous iterations of testing revealed that the stress around the bolts was too high, so washers were added at each
fastener location. The addition of the washers reduces the stress around the bolt holes to an acceptable amount.
The simulation results confirmed that the Von Mises stress experienced by the model with a 50 G force on each axis
is below the yield strength. The stress results for the x-axis simulation is shown in Figure 16. The simulation results
from the other axes are not included, because the results are the same, with just the slightest variation in scale. The
figures of the model from the strain results are not displayed, because the high strain occurs in the same locations as
high stress. The results of all three tests were similar, with the model experiencing the most stress around the
fasteners.

Figure 16. X-axis Simulation Stress Results
The factor of safety (FOS) results for the x-axis simulation are shown in Figure 17. The minimum factor of safety is
seen around the fastener holes, at the same point of maximum stress identified in the stress results. The minimum
FOS from all three simulations is 1.302, which occurs when the 50G force is applied along the z-axis. The client
confirmed that a FOS of 1.3 is sufficient for this design.
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Figure 17. X-axis Simulation FOS Results
Conclusion
By completing this analysis, the team learned that the model is robust enough to withstand 50 G force on each axis.
The lowest factor of safety occurs when 50 Gs are placed in the z-direction and is equal to 1.302. This is deemed a
sufficient FOS for the design.
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Appendix H: Bimetallic Spring Selection
Design Requirement
The louvers must be closed under -20˚C and open over 30˚C.
Purpose
This report will analyze the current design’s ability to remain closed under -20˚C and open over 30˚C. Analysis will
be performed on the bimetal spring to ensure that the louvers will open over this temperature range. To achieve
maximum heat rejection while open and insulation when close, a 90 degree turn in the bimetal coil must be achieved
over this temperature range.
Method
The bimetal springs are the mechanism that allow the louvers to open over the desired temperature range. They are
constructed from P675R thermostatic bimetal strips by a supplier. This material is constructed of two strips of metal
alloys: a high expansion alloy and a low expansion alloy. The high expansion side is in contact with the radiator. As
the heat from the radiator increases, the high expansion side will expand more than the low expansion side, causing
the coil to get tighter, rotating the rod with the louver flaps.
The design team has previously performed an experiment where the currently used springs were not opening a full
90 degrees over the desired temperature range as expected. Analysis was performed in Excel using equations from
the bimetal material manufacturer’s design guide [2]. Table 12 gives the currently used dimensions of the bimetal
coil.
Table 12. Spring Dimensions (width, thickness, coil length, flexivity)
w (in)
0.062

Spring Dimensions
t (in)
L (in)
0.004
2.4

F [(in/in)/֯F]
2.17E-05

Figure 18 gives the properties of Truflex P675R

Figure 18. P675R Properties
Excel analysis was performed to compute the angle of deflection with a given coil length, thickness, flexivity, and
temperature range using Equation (1) [2]. First, the deflection for current dimensions was be determined. Next,
rearranging Equation (1) to solve for coil length, optimal coil length was be determined. Due to a lack of defined
flexivity below 50°F, the assumption that flexivity was nearly the same value had to be made.
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𝐴=

67𝐹(𝑇2 − 𝑇1 )𝐿
𝑡

(1)

Results
First, Equation (1) is used to calculate the total deflection over the given range for current spring dimensions. This
equation is designed for English units, so all values were used in inches and F. Equation (1) is then rearranged to
solve for coil length, using 90 as the value for A.
67 ∗ 2.17 ∗ 10−5 ∗ (86 − (−4 )) ∗ 2.4
0.004
Over a range of -20°C to 30°C (with a coil length of 2.4) the angle of deflection was determined to be 78.51°.
Maintaining coil width, thickness, and material, the optimal coil length to achieve 90° reflection is approximately
2.75 in.
90֯ =

Conclusion
The results demonstrate that the coil length must be increased to achieve fully open louvers above 30°C and closed
louvers below -20°C. The coil length must be increased to approximately 2.75 in. to achieve 90 degrees of rotation.
This will increase the outer diameter of the coil, which requires the housing to be raised slightly higher, slightly
increasing the mass of the design. This analysis proves that the licensed design should only open to around 78
degrees in the given temperature range. New springs should be ordered to whichever coil length available that is
closest to 2.75 in. With these new springs, a full rotation should be achieved.
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Appendix I: Bimetallic Spring Selection Verification
Design Requirement
The louvers shall be closed under -20˚C and open over 30˚C.
Purpose
This report demonstrates the updated design’s ability to remain closed under -20°C and open over 30°C. The team
performed a test on the updated bimetal spring to ensure that the louvers would open over a 50°C temperature range.
To achieve maximum heat rejection while open and insulation when close, a 90 degree turn in the bimetal coil must
be achieved over this range.
Method
The bimetal springs are the mechanism that allow the louvers to open over the desired temperature range. They are
constructed from P675R thermostatic bimetal strips. This material is constructed of two strips of metal alloys: a high
expansion alloy and a low expansion alloy. The high expansion side is in contact with the radiator. As the heat from
the radiator increases, the high expansion side will expand more than the low expansion side, causing the coil to get
tighter, rotating the rod with the louver flaps.
This experiment demonstrates the range of rotation for one spring connected to two flaps. The spring and flap
assembly was tested vertically (rod pointing up) to mitigate the effect of gravity. The team created saddles to hold
the spring in place on the radiator plate in this position.
The spring and plate were placed in a freezer to cool down to 5°C. A thermometer was attached to the plate near the
radiator. The chilled spring was quickly transferred to the heater. The temperature was raised to 55°C. The team
measured deflection angles by processing images taken of the experiment, with the camera facing down the axis of
rotation.
Results
Figure 20 and Figure 21 show the louver assembly when fully closed and open, respectively. The spring was very
responsive and acted as expected over the 50°C temperature range, achieving almost exactly 90 degrees of rotation.

Figure 19. Spring and Flap Assembly at ~5 °C, Fully Closed
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Figure 20. Spring and Flap Assembly at ~55 °C, Fully Open
Conclusion
The results demonstrate that the new springs are sufficient to achieve fully open louvers above 30˚C and closed
louvers below -20˚C. The value of flexivity (the responsiveness of the spring material to temperature change) is
nearly the same in this temperature range as it is in the tested temperature range[2]. The responsiveness of the spring
under the required temperature range will therefore be the same. A single spring will not lift the flaps horizontally
(against gravity), but the design has two springs for mechanical redundancy, and will be operated in space where
gravity is not present.
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Appendix J: Additional Spring Testing
Design Requirements
• The louvers should be able to survive the conditions of space and space launch.
• The louvers should not have any single point failures.
Purpose
The team was concerned that the springs, which were not necessarily designed for use in a space environment, might
not survive conditions in space. To test spring robustness, the group decided to shock the springs by exposing them
to extreme conditions
Methods
The team obtained an insulated container of liquid nitrogen (-90°C) and set a heater to the upper operating
temperature of the spring (80°C).
The team selected a sample spring made of P675R. The team established a pre-test baseline by measuring the spring
deflection per the test described in Appendix I.
The team submerged the spring in the liquid nitrogen and allowed the spring to cool until the liquid stopped boiling.
The team removed the spring with tweezers and set it on the heater, allowing the spring to heat up until it stopped
coiling. This process was repeated for 12 cycles. After the cycles, the deflection was measured in the same way as
the pre-test baseline.
Results
The team ran 12 shock cycles form the cold and hot temperatures. Figure 22 displays the cold spring as it was set on
the heater and after its deflection had ended (indicating the spring had warmed to the heater temperature).

Figure 21. Frozen Spring vs. Warmed Spring
Figure 22 shows that the spring deflected a lot during the test, the angle between the center tab and the outer tab
rotated over 360 degrees. However, despite the temperature shocks and rapid coiling, the team observed no
difference in the spring’s deflection after the shock cycles.
Conclusion
Because spring performance remained unchanged, the team concluded that the springs should survive the conditions
in space. The spring material therefore should not be a source of single-point failure.
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Appendix K: Atmospheric Check-Out Testing
Design Requirements
• The louvers must be closed under -20°C and open over 30°C.
• The louvers must not have single-point failures.
• The louvers must have a lifespan equal to that of a typical small sat mission (~10 years).
Purpose
The purpose of the atmospheric thermal tests was to verify several aspects of the chosen louver system design. The
team wanted to ensure that the prototype was calibrated correctly, that is, the flaps opened and closed over a 50°C
change in temperature. The team also wanted to check that there was no interference with the design and that the
spring performance did not decrease over a number of cycles.
Methods
The team assembled a testing area by building a heater plate using a 120W polymide flexible heater, item # PLM304/10, purchased from Omega Engineering. The louver system was suspended vertically and the heater plate was
attached to the back. Several temperature sensors were attached to the louver system, the radiator surface, and near
the heater. The team cooled the louver system to near 0˚C with a chilling circulator and then warmed up the radiator
with the heater. The team recorded the system with a webcam and an infrared (IR) camera. Figure 23 depicts the
testing setup.

Figure 22. Test setup
The team ran as many cycles as they could within the testing timeframe (see section IX of this report). For each
cycle, the team recorded the initial (cold) temperature, the final (hot) temperature, and which flaps failed to fully
open. The team attempted to diagnose the issues with the flaps that weren’t opening and took steps to correct them.
Results
The team ran 18 trials over 6 days. Table 13 displays summarized results for the trials.
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Table 13. Atmospheric Test Results
Test #
1
2

Date
4/23/2022
4/23/2022

T_0 (˚C)
17
15

T_f (˚C)
55
62

Failing Flaps

3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18

4/23/2022
4/23/2022
4/23/2022
4/24/2022
4/24/2022
4/24/2022
4/26/2022
4/26/2022
4/27/2022
4/27/2022
4/28/2022
4/28/2022
4/28/2022
4/29/2022
4/29/2022
4/29/2022

10
3
9
6
4
5
-5
-2
2
-3
8
-2
4
10
55
2

53
65
45
62
54
55
65
65
65
65
60
65
60
65
12
60

2, 4, 9, 10
2, 4, 9, 10
2, 4, 9, 10
2, 4, 10
2, 4, 10
2, 4, 9 10
2, 4, 9 10
2, 4, 9 10
4, 10
4, 10
4, 10
10
10
10
10
10

2, 3, 5, 8, 10

Notes
3, 8 caught on washers
10 caught on tape

Horizontal

“Failed” all opened eventually

Added shim
Added shim to 4
Removed excess epoxy form 10

Reversed

Initial results were far from ideal; many of the flaps caught and did not open fully over the temperature range. The
team determined that much of the interference occurred from the fixturing (washers, temp sensor tape, etc.). After
resolving those issues, just flaps 2, 4, 9, and 10 failed to open fully.
After some troubleshooting, the team concluded that the rods for 2, 4, and 9 had been cut too short. In the vertical
orientation, the springs sagged within the housing until the flaps caught on the unified frame. The team resolved this
issue by adding pieces of shim material to the saddle area of the frame besides those rods, providing enough support
to keep the flaps from interfering when in the vertical orientation.
Flap number 10 still did not perform optimally. The team noticed some interference from excess epoxy and
attempted to remove it with scalpels but were unable to fully remove the excess. Additionally, the team believes that
the spring for 10 may have been damaged during assembly; unfortunately, the team was not able to acquire spare
springs to replace the Rod/Flap/Spring assembly.
Conclusion
Overall, the team was satisfied with the results. The springs showed no signs of declining performance throughout
the cycles. The springs showed no evidence of corrosion, despite the condensation that occurred during chilling. The
springs operated within the expected temperature range.
The below images are from trial 15. Figure 24 shows the IR view at the starting and ending temperatures. The
images show that the flaps cover and insulate the radiator when the springs are closed and the open flaps expose the
hot radiator when the springs are open. Figure 25 shows the webcam view of the louver system and the beginning
and end of the test. Clearly, flap 10 (the flap on the right-hand side of the radiator) is not open as far as the others in
the images.
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Figure 23. Infrared Perspective Before (L) and After (R) the Test

Figure 24. Webcam Perspective Before (T) and After (B) the Test
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Appendix L: Licensed Patent (US14/867,896) [9]
The following pages contain the complete text of the patent licensed for this design.
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CUBESAT FORM FACTOR THERMAL

CONTROL LOUVERS

BRIEF DESCRIPTION OF THE DRAWINGS
In order that the advantages of certain embodiments ofthe

invention will be readily understood , a more particular
ORIGIN OF THE INVENTION
5 description of the invention briefly described above will be
The invention described herein was made by employees rendered by reference to specific embodiments that are

of the United StatesGovernment, and may bemanufactured
and used by or for the Government for Government pur
poses without the payment of any royalties thereon or
therefore .

illustrated in the appended drawings. While it should be

understood that these drawings depict only typical embodi

ments of the invention and are not therefore to be considered
10 to be limiting of its scope , the invention will be described

and explained with additional specificity and detail through

FIELD

the use of the accompanying drawings, in which :

FIGS. 1A - 1E are perspective views illustrating a thermal

control louvers for a CubeSat, according to an embodiment
The present invention relates to control louvers , and more 15 of
the present invention .
particularly , to a thermal control louver assembly based on
FIG . 2A is a perspective view illustrating a first end panel ,
a CubeSat form factor designed for small spacecraft mis according
to an embodiment of the present invention .
sions .
FIG . 2B is a perspective view illustrating a middle panel,
according to an embodiment of the present invention .
20 FIG . 2C is a perspective view illustrating a second end

BACKGROUND
CubeSats have not required thermal control outside of panel, according to an embodiment of the present invention .
resistive heaters due to low power requirement and a short
DETAILED DESCRIPTION OF THE
lifespan . However , in the past few years , CubeSat form
EMBODIMENTS
factor solar panels have been developed producing up to 80 25
W of power for a 3 U , i.e., a 30 by 30 by 10 cm , spacecraft.
Embodiments of the present invention generally pertain to
Furthermore, many CubeSat and small satellite missions, thermal control louvers for a CubeSat or small spacecraft .
such as CERES and LWaDi, are being proposed with high FIGS. 1A - 1E are perspective views illustrating thermal
power instruments and subsystems on board . As a result , a

controllouvers 100 for a CubeSat, according to an embodi

thermal louvers operate via metallic springs attached to flaps

two columns of flaps 115 , the number of rows and columns

This is primarily due to the size of the thermal louvers.

bimetallic springs. A paint, such as Z93C55 ,may be used to

technology for smaller spacecraft involved Micromachined

specified emissivity . In some embodiments , back panel 105

thermal control louver assembly based on the CubeSat form 30 ment of the present invention . Thermal control louvers 100
factor has become critical for small spacecraft missions .
may include a back panel 105 , a front panel 110 , flaps 115 ,
Previous designs for thermal louvers have been for full- shafts 135 , and springs 120 . See , for example , FIGS. 1A and
sized spacecraft, which are several feet in diameter. These
1B . While thermal control louvers 100 include five rows and
having a low - emissivity coating on the outside surface and 35 of flaps 115 depend on the mission 's thermal requirements .
high emissivity coating or direct view to the components. This allows thermal control louvers 100 to be adaptable to
underneath . When the components inside the spacecraft a variety of CubeSat and small satellite missions .
reach a high temperature , the bimetallic springs uncurl
As shown more clearly in FIGS. 1D , and 1E back panel
causing the flaps to open and change the emissivity of the
105 may be made of an aluminum sheet. This material, for
spacecraft. However, thermal louvers for full- sized space - 40 example , is lightweight and fairly thermally conductive ,
craft cannot be used on a CubeSat or on small spacecraft. providing a good base for heat to transfer through to
In an effort to remedy this issue , an adaption of this

coat the flap - facing surface of back panel 105 to achieve a

Louver Arrays (MLAs), which were on a microscopic scale 45 may have uniform thickness of approximately 0 .05 inch , and
and actuated using electric current, i. e ., an active means of a middle channel with a depth of approximately 0 . 108 inch

louver actuation . However, this adaption requires an active

and a width of approximately 0 .260 inch . It should be

Certain embodiments of the present invention may pro -

In some embodiments, thermal control louvers 100 may not
include a middle channel exposing springs 120 to the outside

not yet been fully identified , appreciated , or solved by
current louver assemblies . Embodiments of the present
invention pertains to thermal control louvers for CubeSats

louvers 100 may move the middle channel to the side or to
end of thermal control louvers 100 . This may allow for
larger springs and flaps to be constructed on thermal control

control and a tendency for dust to accumulate inhibits the
appreciated that the size and depth of back panel 105 may
movement of the micro - scale flaps. Thus, an alternative vary depending on the mission ' s requirements .
50 As shown in FIG . 1D , the middle channel of back panel
approach may be beneficial.
105 may include cavities or holes 125 allowing springs 120,
such as bimetallic springs, to be attached to back panel 105 .
SUMMARY
vide solutions to the problems and needs in the art that have 55 environment. In a further embodiment, thermal control
and small spacecraft. For example , thermal control louvers

louvers 100 , thereby providing a larger surface area view of

may include a back panel and multiple springs attached to 60 back panel 105 resulting in more heat being transferred to

the back panel.

In one embodiment, thermal control louvers may include
a front panel securing a plurality of flaps to a back panel. The
front panel may cover the spring to protect the spring from

the outside environment. Heat straps may be used to transfer

heat from interior components to the back of back panel 105.
These heat straps may be made from materials , such as
copper or aluminum , and may be composed of solid metal,

heat from outside of the apparatus. The front panel may 65 metalbraiding, or similar material. In some embodiments , a

include a plurality of panels interlocking with each other to

form the front panel.

heat pipemay be used instead ofheat straps due to high heat

loads. For example , heat pipes and /or heat straps may
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transfer high heat loads from internal components of the

CubeSat or small spacecraft to thermal control louvers 100
or back panel 105 . Both springs 120 and heat straps may be
attached via a thermal conductive epoxy. A thermal epoxy,

titanium or aluminum , and may be made of other material
depending on the mission 's requirements .
Also , in some embodiments, front panel 110 may have a
thickness of approximately 0 .05 inch and a middle channel

that the heat is moved as efficiently as possible from the
internal components whose temperature must be controlled

of approximately 0 . 260 inch . It should be appreciated that
the size of front panel 110 and back panel 105 may be the

in some embodiments to secure flaps 115 , springs 120 , and

thickness of the panels, the nature of the embodiments

such as Stycast 2859FT/Catalyst 9 , may be used to guarantee 5 may have a depth of approximately 0 .217 inch and a width

Front panel 110 may be placed on top of back panel 105

same, and configured to fit the CubeSat. Regardless of the

shafts 135 . See , for example , FIG . 1C . In some embodi- 10 described herein remain constant.

ments, screws or bolts may secure front panel 110 to back
panel 105 . In some embodiments, an epoxy may be used to

Furthermore , the height, width , and thickness of the
middle channel of the panel may change without affecting

permanently secure or affix front panel 110 to back panel

the nature of the embodiments described herein . Simply

105 .

stated , the change in dimensions may accommodate a

multiple pieces, e . g ., two end panels and one or more middle
panels depending on the size of the CubeSat. The end panels

the required temperature range of the spacecraft and the
width of the flaps. In some embodiments , the width of the

may be attached to the ends of back panel 105 , and the
middle panels may be attached to the remaining portions of

flaps may also change if the width of the front and back
panels changed . This may occur depending on the size of the

according to an embodiment of the present invention . In

heat from CubeSat travels to springs 120 , flaps 115 may

It should be appreciated that front panel 110 may include 15 slightly longer or shorter coiled bimetal spring , according to

back panel 105 . The end panels and the middle panels are 20 CubeSat.
Furthermore, in some embodiments , back panel 105 may
interlocked with each other to form front panel 110 .
FIGS. 2A - 2C are perspective views illustrating a first end
face or may be connected to the CubeSat, while front panel
panel 200, a middle panel 225 , and a second end panel 250 , 110 may be exposed to outside environment. This way, as
some embodiments, first end panel 200 , middle panel 225 , 25 open as springs 120 expand . FIG . 1B , for example , shows

and second end panel 250 may include holes 205 , 230 , 255 ,

flaps 115 opening in an outward direction . Flaps 115 may be

respectively . This way, screws or bolts may be inserted into

attached to front panel 110 in some embodiments .

holes 205 , 230, 255 affixing first end panel 200 , middle

In certain embodiments , flaps 115 may be made of a thin

panel 225 , and second end panel 250, creating a modular metal material, such as aluminum in some embodiments .
front panel. First end panel 200 , middle panel 225 , and 30 The flaps must be thin enough to be lifted by springs 120 in
second end panel 250 may also include a center channel 210 ,

a ground testing environment, and may be made of 0 .010

235 , 260, respectively, to cover the spring . First end panel

inch thick aluminum in certain embodiments .

middle panel 225 , and second end panel 250 are placed on
top of the back panel.
In order to interlock first end panel 200 with middle panel
225 , first end panel 200 may include an elevated section 220
that will be placed on top of, or placed above, a flat section
242 of middle panel 225 . A screw or bolt may then be
inserted within holes 205 of elevated section 220 and holes
230 of flat section 242 to secure first end panel 200 and
middle panel 225 together. In a similar fashion, second end

such as temperature, cost, structural strength , outgassing ,
and buildability of flaps 115 using a given material.
As mentioned above , flaps 115 are arranged in rows and
columns. Each pair of flaps 115 is connected or coupled to
a shaft 135 , which is connected to a spring 120 . See, for
example , FIG . 1D . Simply put, each spring 120 is coupled
to at least two flaps 115 . This way,when spring 120 expands,
a pair of flaps 115 will open outward .
Springs 120 in some embodiments may be made of

200 , middle panel 225, and second end panel 250 may
Flaps 115 may be coated with a reflective paint or
further include grooves or recesses 215 , 240 , 265 , respec - polished to achieve a specified emissivity . Material used to
tively , to secure the shaft in place when first end panel 200 , 35 form flaps 115 may be selected based on a number of factors,

40

panel 250 may include a flat section 270 , which slides 45 metals , such as Truflex B1 and type P675R . It should be

underneath , or is placed beneath , elevated section 245 of
middle panel 225 , interlocking middle panel 225 with sec -

ond end panel 250 . A screw or bolt may then be inserted

within holes 230 of elevated section 245 and holes 255 of

appreciated that other types ofmetals may be used depend
ing on the mission ' s requirement. As shown in FIG . 1D ,

springs 120 may be attached to a middle channel of back

panel 105 . In some embodiments , thermally conductive

flat section 270 securing second end panel 250 and middle 50 epoxy may be used to attach springs 120 to the middle
panel 225 together.
channel of back panel 105 . Similarly , thermal conductive

In order to interlock middle panel 225 with another
middle panel, elevated section 245 ofmiddle panel 225 may

be placed over a flat section of the other middle panel, and

epoxy may also be used to attach springs 120 to shafts 135 .
As mentioned above , a coating on the outside surface of

front panel 110 and flaps 115 , and the outside surface of back

a screw or bolt may be inserted into holes of middle panel 55 panel 105 , may determine the emissivity changing proper

securing the middle panels together. This allows the front

panel to be modular, i.e ., increase or decrease in size . It
should be appreciated that in some embodiments screws
may be inserted through each hole of first end panel 200 , one

ties of thermal control louvers 100 . For example , a white

paint on front panel 110 and flaps 115 may create a cold
biased system . In another example , a polished metallic front
panel 110 and flaps 115 may create a warm - biased system .

or more middle panels 225 , and a second end panel 250 to 60 In other words, the application of coating may depend
secure the front panel to the back panel.
entirely on the mission ' s requirements .

Returning to FIG . 1, front panel 100 may be made out of

In some embodiments, heat dissipating parts or compo

three -dimension ( 3D ) printed titanium to protect the spring

nents on the inside of the spacecraft may have heat straps

and prevent the spring from being heated from the outside .

attached to the inside surface ofback panel 105 . The outside

In other embodiments, the front panel may be made out of 65 surface of back panel 105 may have springs 120 thermally
3D printed aluminum . However, it should be appreciated
epoxied to the middle channel of back panel 105 . As springs
that the composition of the front panel is not limited to
120 expand under increasing temperature loads from back
Mullen, 75/85
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panel 105 , springs 120 may uncurl and rotate shafts 135 ,
causing flaps 115 to open . For example , at 150 Fahrenheit ,
flaps 115 may open to 90 degrees from a closed state in some
embodiments. However , in other embodiments , the degree at

additional features and advantages may be recognized in
certain embodiments that may not be present in all embodi
ments of the invention .

One having ordinary skill in the art will readily under
with steps in a different order, and/or with hardware ele
ments in configurations which are different than those which

which flaps 115 open depend on the constraints applied by 5 stand that the invention as discussed above may be practiced

the structure of front panel 110 , and in some embodiments,
the middle panel .

are disclosed . Therefore , although the invention has been
When , for example , back panel 105 cools, springs 120 described
based upon these preferred embodiments, it would
may curl again , causing shafts 135 to rotate in the oppositeà 10 be apparent
to those of skill in the art that certain modifi
direction brining flaps 120 from an open state to a closed cations, variations
, and alternative constructions would be
state . In other words , when the temperature of back panel
, while remaining within the spirit and scope of the
105 cools, springs 120 may return to its original state , i.e ., apparent
invention . In order to determine the metes and bounds of the
a closed state . In some embodiments , springs 120 may be on
invention , therefore, reference should be made to the
the order of 1 /4 inch in diameter. However, the size of spring 15 appended claims.
120 depends on the requirements of the mission .

Thermal control louvers 100 in one or more embodiments

allow for passive actuation, built - in redundancy, and adaptability , while maintaining a standard form factor. For
example , because springs 120 are used in some embodi- 20
ments, passive actuation of flaps 115 is achieved . This

allows power to be conserved on a small satellite or Cube

Sat. Furthermore , because each row of flaps 115 is con

trolled by a spring 120 , built -in redundancy can be achieved .
For example , if one spring 120 fails , then only one pair of 25

The invention claimed is :

1. Thermal control louvers for a CubeSat or small space
craft, comprising :
a plurality of springs attached to a back panel of the

thermal control louvers ; and

a plurality of panels interlocking together to form a
modular front panel, wherein the modular front panel
secures the plurality of springs, a plurality of shafts,

and a plurality of flaps to the back panel.

flaps 115 will be inactive, while the remaining pair of flaps
115 will be operational for thermal control .
It will be readily understood that the components of

2 . The thermal control louvers of claim 1, wherein the
material to protect the plurality ofsprings from being heated

figurations . Thus , the detailed description of the embodi-

aluminum .

to limit the scope of the invention as claimed , but is merely

back panel comprises a plurality of cavities allowing the

modular front panel is made of three dimension printed

various embodiments of the present invention , as generally
from outside of the thermal control louvers .
described and illustrated in the figures herein , may be 30 3 . The thermal control louvers of claim 2 , wherein the
arranged and designed in a wide variety of different con
three dimension printed material comprises titanium or

ments , as represented in the attached figures , is not intended

4 . The thermal control louvers of claim 1, wherein the

representative of selected embodiments of the invention . 35 plurality of springs to be attached to the back panel .
The features, structures , or characteristics of the invention
5 . The thermal control louvers of claim 4 , wherein the

described throughout this specification may be combined in

any suitable manner in one or more embodiments . For

example , reference throughout this specification to “ certain

plurality of springs are affixed to the back panel and the

plurality of shafts using an epoxy.

6 . The thermal control louvers of claim 1 , wherein the

embodiments," " some embodiments ,” or similar language 40 plurality of panels comprises a first end panel, a second end
means that a particular feature , structure , or characteristic
described in connection with the embodiment is included in
at least one embodiment of the present invention . Thus ,

panel, and one ormore middle panels , the first end panel is
interlocked with the one or more middle panels, and the one
or more middle panels are interlocked with the second end

appearances of the phrases " in certain embodiments ," “ in

panel to form the modular front panel .

some embodiment," " in other embodiments ,” or similar 45 7. The thermal control louvers of claim 6 , wherein the first
language throughout this specification do not necessarily all
end panel comprises an elevated section that slides above a
refer to the same group of embodiments and the described flat section of the one or more middle panels to interlock the
features, structures , or characteristics may be combined in

first end panel and the one or more middle panels .

8 . The thermal control louvers of claim 6 , wherein the
any suitable manner in one or more embodiments .
It should be noted that reference throughout this specifi- 50 second end panel comprises a flat section that slides under
cation to features , advantages , or similar language does not neath an elevated section of the one or more middle panels
imply that all of the features and advantages that may be to interlock the first end panel and the one or more middle
realized with the present invention should be or are in any panels .
single embodiment of the invention . Rather, language refer 9 . The thermal control louvers of claim 6 , wherein the first
ring to the features and advantages is understood to mean 55 end panel, the second end panel, and the one or more middle
that a specific feature , advantage , or characteristic described
panels comprise a middle channel to cover the plurality of

in connection with an embodiment is included in at least one

embodiment of the present invention . Thus , discussion of
the features and advantages , and similar language , through -

springs.

10 . The thermal control louvers of claim 6 , wherein the
first end panel, the second end panel, and the one or more

out this specification may, but do not necessarily , refer to the 60 middle panels comprise a recess to maintain the position of

same embodiment.

Furthermore , the described features, advantages, and

characteristics of the invention may be combined in any
suitable manner in one or more embodiments. One skilled in
the relevant art will recognize that the invention can be 65
practiced without one or more of the specific features or

advantages of a particular embodiment. In other instances,

the plurality of shafts .
11 . Thermal control louvers for a CubeSat or small
spacecraft, comprising :
a plurality of panels interlocked together to form a modu
lar front panel, wherein
the modular front panel secures a plurality of springs , a

plurality of shafts, and a plurality of flaps to a back
Mullen, 76/85
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panel of the thermal control louvers, and restricts the

plurality of flaps from opening beyond a certain angle .
12 . The thermal control louvers of claim 11 , wherein the

17. The thermal control louvers of claim 16 , wherein the

first end panel comprises an elevated section that slides
above a flat section of the one or more middle panels to

modular front panel is made of three dimension printed interlock the first end panel and the one or more middle
material to protect the plurality of springs from being heated 5 panels
.
from outside of the thermal control louvers .
13 . The thermal control louvers of claim 12 . wherein the

three dimension printed material comprises titanium or
aluminum .

14 . The thermal control louvers of claim 11 . wherein the
back panel comprises a plurality of cavities allowing the

18 . The thermal control louvers of claim 16 , wherein the

second end panel comprises a flat section that slides under

neath an elevated section of the one or more middle panels
to interlock the first end panel and the one or more middle
panels .

plurality of springs to be attached to the back panel.

19 . The thermal control louvers of claim 16 , wherein the
15 . The thermal control louvers of claimim 1414 ,, wherein
wherein the
the first end panel, the second end panel, and the one or more
plurality of springs are affixed to the back panel and the
middle panels comprise a middle channel to cover the
plurality of shafts using an epoxy.
15 plurality of springs.
16 . The thermal control louvers of claim 11, wherein the
. The thermal control louvers of claim 16 , wherein the
plurality of panels comprises a first end panel, a second end first20 end
panel, the second end panel, and the one or more
panel, and one or more middle panels, the first end panel is middle panels
comprise a recess to maintain the position of
interlocked with the one or more middle panels , and the one
the
plurality
of
shafts .
or more middle panels are interlocked with the second end
panel to form the modular front panel.

*

*

*

*

*
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Appendix M: Full GANNT Chart
The following page contains the GANNT Chart developed by the team for the design schedule.
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Appendix N: Quality Functional Deployment (QFD)
The following page contains the QFD document used by the team to guide the evaluation of the project.
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117
6.74
9.70
5
15

219
12.25
138
7.63
135
7.77
9.22
50
40

9
0.50
66
3.65
162
9.33
4.49
0.055
0.750

Sum
100.00
100.00
100.00
100.00

100

Date
4/24/2022
4/29/2022

Mullen, 81/85

XIII.

References

[1] Evans, Allison L. “Design and Testing of the CubeSat Form Factor Thermal Control Louvers.” Small Satellite
Conference, DigitalCommons@USU, 16 July 2019, https://digitalcommons.usu.edu/cgi/viewcontent.cgi?article
=4556&context=smallsat.
[2] n.d. Thermostatic Bimetal Designer's Guide. [PDF] Engineered Materials Solutions. Available at:
https://www.emsclad.com/fileadmin/Data/Divisions/EMS/Header/Bimetal_Desingers_Guide.pdf
[3] Gharbi, O., Thomas, S., Smith, C. et al. Chromate replacement: what does the future hold?. npj Mater
Degrad 2, 12 (2018). https://doi.org/10.1038/s41529-018-0034-5
[4] Pagán, Jaime. National Air Toxics Program the Integrated Urban Strategy, Report to Congress. U.S.
Environmental Protection Agency, Office of Air Quality Planning And, 2000.
[5]“Chromic Acid & Chromates.” United States Department of Labor, Occupational Safety and Health
Administration, 28 Jan. 2021, https://www.osha.gov/chemicaldata/235.
[6] Brown, Mike. “Are Space Rockets Bad for the Earth? Why the Question Ignores an Important Truth.” Inverse,
Inverse, 23 Nov. 2021, https://www.inverse.com/innovation/are-rockets-environmentally-friendly.
[7] Acktar black coatings. 2021. Black & White Thermal Control Coatings Comparison Experiment - Acktar.
[Online] Available at: https://www.acktar.com/thermal-control-coatings/
[8] Engineeringtoolbox.com. 2021. Surface - Radiation Absorptivity. [online] Available at:
https://www.engineeringtoolbox.com/radiation-surface-absorptivity-d_1805.html
[9] Evans; Allison L. CubeSat form factor thermal control louvers. US 20170088294 A1, United States Patent and
Trademark Office, 30 Mar 2017.

Mullen, 82/85

XIV.

Thermal Louver Design Capstone Project Reflective Writing

I started working on the thermal louver design project in April of 2020. At the time, I had been employed at Thermal
Management Technologies (a local aerospace engineering company) for about a year. Mr. Scott Schick, the
company president, was interested in licensing a NASA design for a small satellite louver system. Knowing my
desire to pursue a future in intellectual property law, Mr. Schick asked if I wanted to take the first steps of analyzing
the design and exploring ways to integrate the design into TMT’s existing product lines.
I began by researching the history of louver usage for space development. I read about the technology’s legacy and
the groundbreaking advances made by NASA’s new design. I studied how surfaces determine radiative heat transfer,
the science motivating the usage of louvers. I also read about thermostatic bimetals, the driving force in the design,
which was a completely new topic for me.
Equip with this understanding and having read the patent claims, I began working to modify the design to
incorporate all claimed aspects in a form that was more compatible with the standard TMT radiator. I performed
initial mechanical and thermal analysis throughout this process, applying the concepts that I was learning in my
engineering classes at USU.
However, the project was not always my priority at TMT, and after a year I was not able to make substantial
progress during my contracted hours. I encouraged Mr. Schick to approach Professor Graham, faculty of the
Department of Mechanical and Aerospace Engineering at USU, about listing the project as a capstone proposal in
the fall of 2021.
I took the lead role of the capstone project. I split the major tasks of the project between the other four MAE
students: component design, mechanical analysis, thermal analysis, and spring selection. Having made progress in
all these areas during the previous year, I met with each of my team members individually to train them on their
specific tasks. Throughout the project, I worked alongside each of my team members on all the tasks to ensure that
no aspect of the design fell behind.
The project required me to draw upon the information I learned from many of the course I completed as a student at
USU. I used equations and techniques from my material science, static mechanics, solid mechanics, mechanics of
vibrations, thermodynamics, heat transfer, engineering graphics, machine design, instrumentation, electronics, and
technical communication classes as I worked to design the louver. I completed some of these courses while I worked
on the project, and others I had taken as far back as my freshman year.
I also had to go beyond the traditional classroom experience; multiple times throughout the process I researched new
techniques to complete the required analysis. For example, I learned about space conditions and how materials react
to extraterrestrial environments to determine if our design met NASA’s low outgassing standard. Despite needing to
go beyond what I learned in school, I relied upon the solid foundation of knowledge and skills that I developed USU
to complete all the technical aspects of the project.
I also took the primary responsibility to compile the team’s information, write progress reports, contact suppliers,
order parts, design part qualification tests, build and test the protypes, and interface with TMT. I feel like I learned
and grew as much from these responsibilities as I did from the technical portions.
I held a rather unique position as the team lead and a TMT employee. I had much more access to speak Mr. Schick
than a traditional capstone student. I also began the project with a more complete idea of his expectations for our
design and the project deliverables. This perspective was unparalleled as we worked through each aspect of the
design and testing process. I also feel like my position allowed me to form a better relationship with Mr. Schick than
I had as an employee or I would have as a capstone team member.
Mr. Schick is the president of a small company and sees the louver system as a highly marketable product. From our
conversations over the past year, I was able to develop an understanding of how the project fit into the company
culture and budget. We talked about the benefits and risks to many aspects of the design and discussed how alternate
approaches would benefit the company. I do not believe I would have had the opportunity to have the same level of
conversation without my position; these experiences will be invaluable as I pursue a future in a corporate law
environment.
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I also developed an appreciation for the engineering design process with my mentor, Professor Jackson Graham. The
design process seemed unintuitive and was intimidating during the year that I worked on the louver system by
myself. Professor Graham prepared a series of lectures, readings, and quizzes that taught us the design process and
gave us the opportunity to practice each of its elements. He provided us with meaningful feedback and helped us
keep on track during the two-semester capstone experience. Thanks in large part to his guidance, I am proud of the
final product that my team was able to put together and deliver to Mr. Schick.
While I do not intend to pursue a career in engineering, my understanding of the design process will be a benefit as I
speak with clients as a patent attorney. From my past conversations with both patent attorneys and engineers, I’ve
gathered that there is often a disconnect between the two groups during the patent process. I want to be able to
bridge that divide, and knowing the product design process (which includes design, development, and support) will
help me work with clients and their products.
One of the biggest lessons I learned from this project was to not get so focused on an idea that I pass up potentially
better opportunities. During my first year, I had made some major modifications to the NASA design so that the
louvers could interface with TMT’s existing radiator layout. When my team members joined the project, we started
with my modified design as a baseline. We worked with that design for the first several months of the project
without fully considering alternative options.
During the Christmas holiday, Mr. Schick proposed a redesign that would unify several elements of my design into a
single piece. A redesign at that stage of the project required us to repeat a lot of the analysis and work from the first
semester, and as a result we would not be able to perform all the testing that was originally part of the project
contract. I was hesitant to commit to a redesign because I felt that it would be better to fully test the previous design,
even if it could have been improved, rather than start over and risk not finishing. However, we decided as a team to
follow Mr. Schick’s suggestion and redesign the louver system.
The new unified design is unquestionably a major improvement from the original design. It is lighter, more rigid,
and covers less of the radiator’s surface than the design I made on my own. Another major advantage is that the
system will be much easier for future TMT employees to build for their customers. There are fewer single-point
failures and the product performs better in thermal simulations.
We were able to complete the redesign and run through two prototyping/testing cycles, however, my hesitancy
nearly cost us the time we needed. I’m grateful that I had team members who were willing to sacrifice and repeat a
lot of the work we completed during the first stages of the project to get the redesign finished in time. We were
rewarded for this effort by the enthusiasm and feedback from TMT. Mr. Schick was so excited about the redesigned
product that he requested that we make a gold-plated showroom piece for him to display at tech expos in the coming
months. We were able to deliver a quality product that our customer was excited for and proud of, and I can think of
no better way to conclude my engineering experience at USU.
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